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The early stage density oscillations of the electronic charge in molecules irradiated by an attosec-
ond XUV pulse takes place on femto- or subfemtosecond timescales. This ultrafast charge migration
process is a central topic in attoscience as it dictates the relaxation pathways of the molecular struc-
ture. A predictive quantum theory of ultrafast charge migration should incorporate the atomistic
details of the molecule, electronic correlations and the multitude of ionization channels activated
by the broad-bandwidth XUV pulse. In this work we propose a first-principles Non Equilibrium
Green’s Function method fulfilling all three requirements, and apply it to a recent experiment on
the photoexcited phenylalanine aminoacid. Our results show that dynamical correlations are neces-
sary for a quantitative overall agreement with the experimental data. In particular, we are able to
capture the transient oscillations at frequencies 0.15 PHz and 0.30 PHz in the hole density of the
amine group, as well as their suppression and the concomitant development of a new oscillation at
frequency 0.25 PHz after about 14 femtoseconds.
Photoinduced charge transfer through molecules is the
initiator of a large variety of chemical and biological pro-
cesses1–5. Remarkable examples are the charge separa-
tion in photosynthetic centers, photovoltaic blends and
catalytic triads or the radiation-induced damage of bio-
logical molecules. These phenomena occur on timescales
of several tens of femtoseconds to picoseconds and, in
general, the coupling of electrons to nuclear motion can-
not be discarded6–8. However, the density oscillations of
the electronic charge following an attosecond XUV pulse
precedes any structural rearrangement and takes place
on femto- or subfemtosecond timescales. This early stage
dynamics is mainly driven by electronic correlations9 and
it is usually referred to as ultrafast charge migration.
Charge migration dictates the relaxation pathways of the
molecule, e.g., the possible fragmentation channels of the
cations left after ionization10. Understanding and con-
trolling this early stage dynamics has become a central
topic in ultrafast science11,12 as it would, in principle,
allow us to influence the ultimate fate of the molecular
structure.
The sub-femtosecond electron dynamics in photoex-
cited or photoionized molecules can be probed in real-
time with a number of experimental techniques, e.g.,
high-harmonic spectroscopy13, laser streaking photoe-
mission14 or (fragment) cation chronoscopy10,15,16. On
the theoretical side, the description of ultrafast charge
migration in attosecond XUV ionized molecules is a com-
plex problem since the parent cation is left in a coherent
superposition of several many-electron states5. In fact,
the XUV-pulse bandwidth is as large as tens of eV, thus
covering a wide range of ionization thresholds. The re-
sulting oscillations of the charge density do therefore de-
pend in a complicated manner on the electronic structure
of the molecule and on the profile parameters of the laser
pulse (intensity, frequency, duration).
Understanding ultrafast charge migration at a funda-
mental level inevitably requires a time-dependent (TD)
quantum framework able to incorporate the atomistic de-
tails of the molecular structure. The numerical solution
of the TD Schro¨dinger equation (SE) in the subspace of
carefully selected many-electron states is certainly fea-
sible for atoms but it becomes prohibitive already for
diatomic molecules. Fortunately, many physical observ-
ables require only knowledge of the TD charge density
n(r, t) [or the single-particle density matrix ρ(r, r′, t)]
rather than the full many-electron wavefunction. Den-
sity functional theory (DFT) and its TD extension17,18
are first-principles methods having n(r, t) as basic vari-
able. TD-DFT calculations scale linearly with the num-
ber of electrons (against the exponential scaling of config-
uration interaction calculations) and it has been success-
fully applied to study ultrafast charge migration during
and after photoionization in a number of molecules19–25.
Although TD-DFT is an exact reformulation of the TD-
SE, in practice all simulations are carried out within
the adiabatic approximation, i.e., by using the equilib-
rium DFT exchange-correlation (xc) potential evaluated
at the instantaneous density n(r, t). The adiabatic ap-
proximation lacks of dynamical exchange-correlation ef-
fects which often play a major role in charge migration
processes. For instance, ultrafast charge migration in dif-
ferent polypeptide molecules would not be possible with-
out dynamical correlations.26–28 Double (or multiple) ex-
citations29,30 and ionizations31, long-range charge trans-
fer excitations32–34, image-charge quasi-particle renor-
malizations35–37 and Auger decays38 are other processes
missed by the adiabatic approximation.
In this paper we take a step forward and propose a
first-principles approach that shares with TD-DFT the
favourable (power-law) scaling of the computational cost
with the system size but, at the same time, allows for the
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FIG. 1. Molecular structure of the most abundant conformer
of the phenylalanine molecule, see Ref. 10. Black spheres
represent carbon atoms; gray spheres, hydrogen atoms; blue
sphere, nitrogen; and red spheres, oxygen. The amine group
NH2 is contained in a light-yellow cubic box.
inclusion of dynamical correlations in a systematic and
self-consistent manner. The approach is based on Non
Equilibrium Green’s Functions (NEGF) theory31,39–45
and at its core is the (nonlinear) equation of motion for
the single-particle density matrix ρ in the Kohn-Sham
(KS) basis.
The NEGF method is applied to revisit and comple-
ment the TD-DFT analysis of ultrafast charge migration
in the phenylalanine aminoacid reported in Ref. 10, see
Fig. 1 for an illustration of the molecular structure. In
the experiment the ultrafast electron motion is activated
by an ionizing XUV 300-as pulse and it is subsequently
probed by a VIS/NIR pulse. The probe causes a second
ionization of the phenylalanine that eventually undergoes
a fragmentation reaction. The yield Y (τ) of immonium
dications is recorded for different pump-probe delays τ .
The data show that for τ . 14 fs the yield oscillates
with a dominant frequency Ωexp0 ≈ 0.14 PHz (1 PHz
= 1015 Hz) and a sub-dominant one Ωexp2 ≈ 0.3 PHz. For
τ & 14 fs, instead, Y (τ) oscillates almost monochromati-
cally at the frequency Ωexp1 ≈ 0.24 PHz. Ref. 10 and other
works46 suggest that the yield of immonium dications
shares common features with the TD hole density on the
amine group NH2, see Fig. 1, driven by the action of the
XUV only. This relation is also suggested by other exper-
imental studies on 2−phenylethyl−N,N−dimethylamine
and it is based on the hypothesis that to form an immo-
nium dication the probe pulse is absorbed by electrons on
the NH2. The TD-DFT calculation of Ref. 10 partially
confirms this hypothesis, finding that the NH2 hole den-
sity oscillates mainly at frequency ΩDFT2 ≈ 0.36 PHz for
τ . 14 fs and ΩDFT1 ≈ 0.25 PHz for τ & 14 fs. However,
in addition to the mismatch between Ωexp2 and Ω
DFT
2 ,
no clear evidence of the slow dominant oscillation at fre-
quency Ωexp0 was found.
The main finding of this work is that the inclusion of
dynamical correlations through the proposed NEGF ap-
proach is crucial to achieve a quantitative overall agree-
ment with the experimental data. In particular, dynam-
ical correlations are responsible for the appearance of a
dominant oscillation at frequency Ω0 ≈ 0.15 PHz, for the
renormalization of the high frequency Ω2 (≈ 0.34 PHz in
mean-field and ≈ 0.30 PHz in NEGF), and for the tran-
sition at delay τ ≈ 14 fs from bichromatic to monochro-
matic behavior with frequency Ω1 ≈ 0.25 PHz.
We examine the most abundant conformer of the
aminoacid phenylalanine10 which consists of a central CH
unit linked to an amine group (–NH2), a carboxylic group
(–COOH) and a benzyl group (–CH2C(CH)5). We con-
sider a linearly polarized XUV pulse with a weak peak
intensity Ipump = 5× 1011 W/cm2 (ensuring a linear re-
sponse behavior), central photon energy ωpump = 30 eV
and duration τpump = 300 as (with a sin
2 envelope) yield-
ing photon energies in the range ∼ (15, 45) eV. Since the
phenylalanine molecules of the experimentally generated
plume are randomly oriented we perform calculations for
light polarization along the x, y, z directions and average
the results. The XUV-induced ionization and the sub-
sequent ultrafast charge migration are numerically sim-
ulated using the CHEERS@Yambo code47,48 that solves
the NEGF equation for the single-particle density ma-
trix ρ(t) in KS basis at fixed nuclei. Multiple ionization
channels are taken into account by an exact embedding
procedure for the KS continuum states while dynamical
correlations enter through a collision integral, which is a
functional of ρ at all previous times. Details on the the-
oretical method and numerical implementation are pro-
vided in the Supporting Information.
To highlight the role of dynamical correlations we
solve the NEGF equation in the (mean-field) Hartree-
Fock (HF) approximation and in the (beyond mean-field)
second Born (2B) approximation. The latter has been
shown to be accurate for equilibrium spectral proper-
ties49 and total energies50 of several molecules. More
importantly for the present work, the 2B approxima-
tion faithfully reproduces the nonequilibrium behavior
of finite and not too strongly correlated systems (like
the phenylalanine molecule considered here). This evi-
dence emerges from benchmarks against numerically ex-
act simulations in 1D atoms and molecules,51 quantum
wells,52 weakly correlated Hubbard and extended Hub-
bard nanoclusters,53–58 the Anderson model at finite
bias59 and photo-excited donor-acceptor tight-binding
Hamiltonians.60 The fixed nuclei approximation is not
expected to be too severe either (this is confirmed a pos-
teriori by Fig. 2). Considering the molecular structure
in Fig. 1, the time-dependent variation of the electronic
charge on the amine group is due to electron flow through
the N–C bond. The N–C stretching mode is medium-
weak and it has a period of about 25÷30 fs; hence the
electron dynamics up to 30 fs is not too disturbed by
this mode. Furthermore, nonadiabatic couplings become
less important when the cationic wavepacket is a linear
combination of several many-electron states spread over a
3broad energy range. This is precisely the situation of the
experiment in Ref. 10 since the bandwidth of the ionizing
XUV is as large as 30 eV.
After ionization, the coherent superposition of cationic
states is characterized by several fs and sub-fs oscilla-
tions. Following the suggestion of Refs. 10,46 we have
calculated the TD charge Namine(t) on the amine group
by integrating the electron density in the light-yellow box
shown in Fig. 1. The box was carefully chosen to give the
correct number of valence electrons in equilibrium, i.e.,
Namine(0) = 7. In analogy with the analysis of Ref. 10
we perform a sliding-window Fourier transform of the
relative variation of Namine(t) with respect to its time-
averaged value 〈Namine〉
N˜amine(τd, ω) =
∫
dt e−iωt e−(t−τd)
2/t20 δNamine(t), (1)
where δNamine(t) ≡ Namine(t)− 〈Namine〉 and t0 = 10 fs.
The resulting spectrograms are shown in Fig. 2 panel
(b) (2B) and panel (c) (HF). The theoretical spectra are
compared with the spectrogram of the experimental yield
in panel (a). The latter has been obtained as in Eq. (1)
after replacing δNamine(t) with the yield Y (t) taken from
Ref. 10.
The agreement between the 2B spectrogram and the
experimental one is astounding. For τd . 15 fs they
both exhibit two main structures almost at the same
frequencies: Ω0 ≈ 0.15 PHz and Ω2 ≈ 0.30 PHz (the-
ory), Ωexp0 ≈ 0.14 PHz and Ωexp2 ≈ 0.30 PHz (experi-
ment). Remarkably, the 2B calculation reproduces the
relative weight as well, the peak at lower frequency be-
ing much more pronounced. At τd ≈ 15 fs a bichromatic-
monochromatic transition occurs, and again the 2B fre-
quency Ω1 ≈ 0.25 PHz is very close to the experimental
one Ωexp1 ≈ 0.24 PHz. Of course, as we are comparing
the TD amine density with the TD yield of immonium
dications, a quantitative agreement in terms of peak in-
tensities, delays, etc. cannot be, in principle, expected.
Nonetheless, our results strongly corroborates the hy-
pothesis of Ref. 10 according to which the two quantities
are tightly related. In Fig. 3 we display snapshots of the
real-space distribution of the molecular charge at three
times corresponding to a maximum, consecutive mini-
mum and then maximum of Namine(t) before (top) and
after (bottom) the transition at τd ≈ 15 fs. The domi-
nant oscillations at frequency Ω0 ≈ 0.15 PHz (period 6.7
fs) and Ω1 ≈ 0.25 PHz (period 4.0 fs) are clearly visi-
ble. Interestingly, the periodic motion of the charge on
the amine group is not followed by other regions of the
molecule. This is a further indication of the role played
by the quantityNamine(t) in predicting the probe-induced
molecular fragmentation.
The impact of dynamical correlations can be clearly
appreciated in Fig. 2 (c) where the spectrogram resulting
from the mean-field HF approximation is shown. Over-
all, the agreement with the experimental spectrogram
is rather poor. We have a single dominant frequency
ΩHF1 ≈ 0.26 PHz appearing at τd ≈ 12 fs. Subdom-
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FIG. 2. Spectrograms of (a) experimental yield Y (τ) of im-
monium dications (row data from Fig. S4 of Ref. 10) (b-c)
variation δNamine(t) of the charge on the amine group calcu-
lated within the 2B approximation (b) and HF approximation
(c). All spectrograms are obtained by performing a Fourier
transform with a sliding gaussian window-function of width
10 fs centered at delay τd (vertical axis), see Eq. (1).
46.7 fs
4.0 fs
1.2 fs 4.7 fs 7.9 fs
30.0 fs 31.8 fs 34.0 fs
FIG. 3. Snapshots of the real-space distribution of the molec-
ular charge at three times corresponding to a maximum, con-
secutive minimum and then maximum of δNamine(t) before
(top) and after (bottom) the transition at τd ≈ 15 fs. The
snapshots highlight the two most prominent oscillations at
Ω0 ≈ 0.15 PHz (period 6.7 fs) and Ω2 ≈ 0.25 PHz (period
4.0 fs) observed in the correlated spectrogram of Fig. 2 (b).
Hole excess (blue) and electron excess (red) are with respect
to the reference density obtained by averaging ρ(t) over the
full real-time simulation.
inant structures of frequencies ΩHF0 ≈ 0.12 PHz and
ΩHF2 ≈ 0.34 PHz exist too but are not visible.
In fact, the hight of the corresponding peaks is at least
2.5 times smaller than that of the dominant one [see also
Fig. 5 (c)]. In the Supporting Information we display the
3D plot of all three spectrograms to better appreciate the
relative weight of the various structures.
To get further insight into the dynamics of ultrafast
charge migration, let us denote by HFm, m = 1, . . . , 32,
the HF orbitals of the 64 valence electrons of the pheny-
lalanine (ordered according to increasing values of the HF
energy, hence HF32 is the HOMO). In NEGF calculations
the HF basis is special since the HF orbitals are fully
occupied or empty in the HF approximation and hence
these are the reference orbitals to identify correlation ef-
fects like double or multiple excitations41. In Fig. 4 (a)
we have singled out those HFm with a sizable amplitude
on the amine group. We show the square modulus of their
wavefunctions along with the value (upper-left corner) of
the respective spatial integrals over the light-yellow box
of Fig. 1. Figure 4 (b) contains the Fourier transform
of the single-particle density matrix ρij(t) for the most
relevant excitations HFi ↔HFj. We display separately
two spectral regions, one close to Ω0 = 0.15 PHz (left)
and the other close to Ω2 ≈ 0.30 PHz (right). The results
have been obtained using the 2B and HF approximations
and by averaging over the three orthogonal polarizations
of the XUV pulse (more details are provided in Support-
ing Information). The low frequency Ω0 is due to three
(almost) degenerate excitations, namely HF13↔HF14,
HF18↔HF19 and HF19↔HF20, and the left panel of
Fig. 4 (b) shows the sum of them. In HF these exci-
tations are slightly red-shifted, ΩHF0 = 0.12 PHz, and
HF13 HF14 HF18
HF19 HF20 HF29 HF30
amine density
HF13 = 0.11
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FIG. 4. Panel (a): Real-space plot of the HF orbitals
with sizable charge on the amine group (see upper-left
corner). Panel (b): Fourier transform of selected ele-
ments of the single-particle density matrix ρij(t) in the
HF basis for frequencies close to Ω0 (left) and Ω2 (right).
The low frequency Ω0 is due to three (almost) degen-
erate excitations, namely HF13↔HF14, HF18↔HF19 and
HF19↔HF20 and the left plot shows ∑(i,j) |ρij(ω)| with
(i, j) = (13, 14), (18, 19), (19, 20). The high frequency Ω2 is
due to the excitation HF29↔HF30 and the right plot shows
|ρ29,30(ω)|. To obtain ρ(t) we have performed calculations in
the HF and 2B approximations for the three orthogonal po-
larizations of the XUV pulse and then we have averaged the
results.
the corresponding peak is hardly visible in the spectro-
gram of Fig. 2 (c). Dynamical (2B) correlations redis-
tributes substantially the spectral weight and give rise
to a renormalization of about 0.03 PHz (0.12 eV), mov-
ing the low frequency much closer to the experimental
value. The high frequency Ω2 is due to the excitation
HF29↔HF30. The involved HF orbitals are those with
the largest amplitude on the amine group, in agreement
with Ref. 10. In the HF calculation the HF29↔HF30
excitation occurs at ΩHF2 ≈ 0.34 PHz (TD-DFT predicts
a slightly larger value ≈ 0.36 PHz10) and, as the low fre-
quency excitation, it is not detected by the spectrogram,
see Fig. 2 (c). The effect of dynamical (2B) correlations
is to split ΩHF2 into a doublet with Ω
+
2 ≈ 0.38 PHz and
Ω2 ≈ 0.30 PHz, suggesting that the underlying excita-
tions are actually double excitations41,53. Moreover, the
redistribution of spectral weight makes visible only the
structure at Ω2, in excellent agreement with the experi-
mental spectrogram. We mention that the central domi-
nant frequency Ω1 = 0.25 PHz, see Fig. 2, depends only
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FIG. 5. Panel (a) and (b): Relative variation δNamine(t)
(×106) after filtering out all oscillations faster than 0.4 PHz,
obtained within the 2B and HF approximations (dotted
curves). Solid curves are trichromatic best fits obtained
with the function
∑2
i=0Ai sin(Ωit + φi) in the time window
(0 fs, 12.5 fs) (blue) and (12.5 fs, 38 fs) (red). Panel (c): Best
fitted amplitudes Ai (scaled by a factor 10
6) and phases φi
weakly on electronic correlations since it occurs at al-
most the same energy and delay τd in the 2B, HF and
TD-DFT10. In our simulations this frequency should be
assigned to the HF18↔HF20 excitation. See Supporting
Information for more details.
We finally address the transition around 10÷15 fs lead-
ing to the suppression of the structures at Ω0 and Ω2 and
the concomitant development of the central structure at
Ω1. We consider the 2B and HF curve δNamine(t) shown
in Fig. 5 (dotted) and perform two different trichromatic
fits with the function
∑2
i=0Ai sin(Ωit + φi) in the time
intervals (0 fs, 12.5 fs) and (12.5 fs, 38 fs), see blue and red
curves respectively. The fitting parameters are the am-
plitudes and phases whereas the frequencies are Ωi in
2B, panel (a), and ΩHFi in HF, panel (b). The values of
Ai and φi are reported in panel (c). We clearly see a
dramatic change of the fitted amplitudes across the tran-
sition around 10÷15 fs, consistent with the spectrograms
of Fig. 2.
In conclusion, we proposed a first-principles NEGF ap-
proach to study ultrafast charge migration during and
after the action of an ionizing XUV pulse on the pheny-
lalanine molecule. Multiple ionization channels of the
initially correlated many-electron system were taken into
account through an exact embedding procedure for the
KS states in the continuum. Dynamical correlation ef-
fects were included at the level of the self-consistent sec-
ond Born approximation, thus incorporating double exci-
tations and other scattering mechanisms in the electron
dynamics. The obtained results indicate that dynami-
cal correlations (and hence memory effects) are crucial
to achieve a quantitative agreement with the experimen-
tal data. In fact, although the charge density oscilla-
tion of frequency Ω1 at delays larger than τd ≈ 15 fs is
captured even in HF, the mean-field results do not dis-
play any significant structure at smaller delays. On the
contrary, the correlated NEGF calculations show a sub-
stantial reshaping, characterized by the monochromatic-
bichromatic transition Ω1 ↔ (Ω0,Ω2). All frequencies
as well as the delay of the transition are in excellent
agreement with the experiment. The overall similarity
between the theoretical and experimental spectrograms
corroborates the existence of a tight relation between the
charge on the amine group and the yield of immonium
dications.
We finally observe that the NEGF approach proposed
here can be extended in at least two different ways to in-
clude the effects of nuclear motion The first is through the
Ehrenfest approximation and it requires to update the
one-particle and two-particle integrals during the time-
propagation. The second stems from many-body per-
turbation theory and it consists in adding the Fan self-
energy61 with equilibrium vibronic propagators to the
electronic correlation self-energy. These developments al-
low for incorporating either classical effects or quantum
harmonic effects, thus opening the door to studies of a
broader class of phenomena.
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